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Abstract

Constraints on the lifetime and width of the Higgs boson are obtained from H →
ZZ → 4` events using data recorded by the CMS experiment during the LHC run
1 with an integrated luminosity of 5.1 and 19.7 fb−1 at a center-of-mass energy of
7 and 8 TeV, respectively. The measurement of the Higgs boson lifetime is derived
from its flight distance in the CMS detector with an upper bound of τH < 1.9 ×
10−13 s at the 95% confidence level (CL), corresponding to a lower bound on the width
of ΓH > 3.5 × 10−9 MeV. The measurement of the width is obtained from an off-
shell production technique, generalized to include anomalous couplings of the Higgs
boson to two electroweak bosons. From this measurement, a joint constraint is set on
the Higgs boson width and a parameter fΛQ that expresses an anomalous coupling
contribution as an on-shell cross-section fraction. The limit on the Higgs boson width
is ΓH < 46 MeV with fΛQ unconstrained and GH < 26 MeV for fΛQ = 0 at the 95% CL.
The constraint fΛQ < 3.8× 10−3 at the 95% CL is obtained for the expected standard
model Higgs boson width.
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1 Introduction
The discovery of a new boson with mass of about 125 GeV by the ATLAS and CMS experi-
ments [1–3] at the CERN LHC provides support for the standard model (SM) mechanism with
a field responsible for generating the masses of elementary particles [4–9]. This new particle
is believed to be a Higgs boson (H), the scalar particle appearing as an excitation of this field.
The measurement of its properties, such as lifetime, width, and structure of its couplings to the
known SM particles, is of high priority to determine its nature.

The CMS and ATLAS experiments have set constraints of ΓH < 22 MeV at 95% confidence
level (CL) on the H boson total width [10, 11] from the ratio of off-shell to on-shell production.
The precision on ΓH from direct on-shell measurements alone is approximately 1 GeV [12, 13],
which is significantly larger. The two experiments have also set constraints on the spin-parity
properties and anomalous couplings of the H boson [14–18], finding its quantum numbers to
be consistent with JPC = 0++ but allowing small anomalous coupling contributions. No direct
experimental limit on the H boson lifetime was set, and the possible presence of anomalous
couplings was not considered in the constraints on the H boson width. This paper provides
these two measurements.

The measurement of the H boson lifetime in this paper is derived from its flight distance in the
CMS detector [19], and the measurement of the width is obtained from the off-shell produc-
tion technique, generalized to include anomalous couplings of the H boson to two electroweak
bosons, WW and ZZ. From the latter measurement, a joint constraint is set on the H boson
width and a parameter that quantifies an anomalous coupling contribution as on-shell cross-
section fraction. The event reconstruction and analysis techniques rely on the previously pub-
lished results [10, 16, 17, 20], and their implementations are discussed in detail. Only the final
state with four charged leptons is considered in this paper, but the constraints on the width
could be improved by including final states with neutrinos in the off-shell production [10, 11].
Indirect constraints on the H boson width and lifetime are also possible through the combina-
tion of data on H boson production and decay rates [12, 21]. While such a combination tests
the compatibility of the data with the SM H boson, it relies on stronger theoretical assumptions
such as SM-like coupling ratios among the different final states.

Section 2 in this paper discusses the analysis methods for measuring the H boson lifetime, and
for relating the anomalous couplings of the H boson to the measurement of ΓH through the
off-shell production technique. Section 3 discusses the CMS detector and event simulation,
and Section 4 defines the selection criteria used in the analysis. Section 5 describes the analysis
observables, categorization, and any related uncertainty. Section 6 provides the constraints on
the H boson lifetime while Section 7 provides the upper limits for both the H boson width
and the anomalous coupling parameter investigated in this paper. The summary of results is
provided in Section 8.

2 Analysis techniques
The lifetime of each H boson candidate in its rest frame is determined in a four-lepton event as

∆t =
m4`

pT
(∆~rT · p̂T) , (1)

where m4` is the four-lepton invariant mass, ∆~rT is the displacement vector between the decay
vertex and the production vertex of the H boson in the plane transverse to the beam axis,
and p̂T and pT are respectively the unit vector and the magnitude of the H boson transverse
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momentum. The average ∆t is inversely proportional to the total width:

〈∆t〉 = τH =
h̄

ΓH
(2)

The distribution of the measured lifetime ∆t is used to set an upper limit on the average lifetime
of the H boson, or equivalently a lower limit on its width ΓH, and it follows the exponential
distribution if known perfectly. The expected SM H boson average lifetime is τH ≈ 48 fm/c
(16 × 10−8 fs) and is beyond instrumental precision. The technique summarized in Eq. (1)
nonetheless allows the first direct experimental constraint on τH.

The upper bound on ΓH is set using the off-shell production method [22–24] and follows the
technique developed by CMS [10], where the gluon fusion and weak vector boson fusion (VBF)
production mechanisms were considered in the analysis. The technique considers the H boson
production relationship between the on-shell (105.6 < m4` < 140.6 GeV) and off-shell (220 <
m4` < 1600 GeV) regions. Denoting each production mechanism with vv → H → ZZ for H
boson coupling to either strong (vv = gg) or weak (vv = VV) vector bosons vv, the on-shell
and off-shell yields are related by

σon-shell
vv→H→ZZ ∝ µvvH and σoff-shell

vv→H→ZZ ∝ µvvH ΓH, (3)

where µvvH is the on-shell signal strength, the ratio of the observed and expected on-shell
production cross sections for the four-lepton final state, which is denoted by either µggH for
gluon fusion production or µVVH for VBF production. The ttH process is driven by the H
boson couplings to heavy quarks like the gluon fusion process, and the VH process by the H
boson couplings to weak vector bosons like the VBF process. They are therefore parameterized
with the same on-shell signal strengths µggH and µVVH, respectively. The effects of signal-
background interference are not shown in Eq. (3) for illustration but are taken into account in
the analysis.

The relationship in Eq. (3) implies variations of the vvH couplings as a function of m4`. This
variation is assumed to be as in the SM gluon fusion process. The assumption is valid as long
as the production is dominated by the top-quark loop and no new particles contribute to this
loop. Variation of the HVV couplings, either in the VBF or VH production or in the H → ZZ
decay, may depend on anomalous coupling contributions. An enhancement of the off-shell
signal production is suggested with anomalous HVV couplings [10, 25–27], but neither experi-
mental studies of off-shell production nor realistic treatment of signal-background interference
has been done with these anomalous couplings. We extend the methodology of the recent anal-
ysis of anomalous HVV couplings of the H boson [17] to study these couplings and introduce
in the scattering amplitude an additional term that depends on the H boson invariant mass,
(qV1 + qV2)

2:

A(HVV) ∝

[
a1 − eiφΛQ

(qV1 + qV2)
2

(ΛQ)
2 − eiφΛ1

(
q2

V1 + q2
V2

)
(Λ1)

2

]
m2

Vε∗V1ε∗V2

+ a2 f ∗(1)µν f ∗(2),µν + a3 f ∗(1)µν f̃ ∗(2),µν, (4)

where f (i)µν = ε
µ
Viq

ν
Vi − εν

Viq
µ
Vi is the field strength tensor of a gauge boson with momentum qVi

and polarization vector εVi, f̃ (i)µν = 1
2 εµνρσ f (i),ρσ is the dual field strength tensor, the superscript ∗

designates a complex conjugate, and mV is the pole mass of a vector boson. The ai are complex
coefficients, and the Λ1 or ΛQ may be interpreted as the scales of beyond-the-SM (BSM) physics.
The complex phase of the Λ1 and ΛQ terms are explicitly given as φΛ1 and φΛQ, respectively.
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Equation (4) describes all anomalous contributions up to dimension five operators. In the SM,
only the a1 term appears at tree level in couplings to ZZ and WW, and it remains dominant after
loop corrections. Constraints on the anomalous contributions from the a2, a3 and Λ1 terms to
the H→ VV decay have been set by the CMS and ATLAS experiments [16–18] through on-shell
H boson production.

The ΛQ term depends only on the invariant mass of the H boson, so its contribution is not
distinguishable from the SM in the on-shell region. This paper tests the ΛQ term through
the off-shell region. Equation (4) describes both ZZ and WW couplings, and it is assumed
that ΛQ is the same for both. The ratio of any loop contribution from a heavy particle in the
HVV scattering amplitude to the SM tree-level a1 term would be predominantly real, and the
imaginary part of the ratio would be small. If the contribution instead comes from an additional
term to the SM Lagrangian itself, this ratio can only be real. Therefore, only real coupling ratios
are tested such that cos φΛQ = ±1 and a1 ≥ 0, where a1 = 2 and ΛQ → ∞ correspond to the
tree-level SM HVV scattering with µggH = µVVH = 1. The effective cross-section fraction due
to the ΛQ term, denoted as fΛQ, allows a parameterization similar to the conventions of Λ1 in
Ref. [17]. It is defined for the on-shell gg → H → VV process assuming no contribution from
other anomalous couplings as

fΛQ =
m4

H/Λ4
Q

|a1|2 + m4
H/Λ4

Q
. (5)

The HVV couplings in Eq. (4) appear in both production and decay for the VBF and VH mecha-
nisms while they appear only in decay for H boson production through gluon fusion. Isolating
the former two production mechanisms therefore enhances the sensitivity to the contribution
of anomalous couplings. While the previous study of the H boson width [10] employs dijet
tagging only in the on-shell region, VBF jet identification is also extended to the off-shell region
in this analysis with techniques from Ref. [20]. A joint constraint is obtained on ΓH, fΛQ, µggH,
and µVVH, where the latter two parameters correspond to the H production strength in gluon
fusion, and VBF or VH production mechanisms in the on-shell region, respectively.

3 The CMS experiment and simulation
The CMS detector, described in detail in Ref. [19], provides excellent resolution for the measure-
ment of electron and muon momenta and impact parameters near the LHC beam interaction
region. Within the superconducting solenoid (3.8 T) volume of CMS, there are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass and
scintillator hadron calorimeter. Muons are identified in gas-ionization detectors embedded in
the iron flux return placed outside the solenoid. The data samples used in this analysis are
the same as those described in Refs. [10, 16, 17, 20], corresponding to an integrated luminosity
of 5.1 fb−1 collected in proton-proton collisions at LHC with center-of-mass energy of 7 TeV in
2011 and 19.7 fb−1 at 8 TeV in 2012. The uncertainties in the integrated luminosity measurement
are 2.2% and 2.6% for the 2011 and 2012 data sets, respectively [28, 29].

The H boson signal production through gluon fusion or in association with two fermions from
either vector boson fusion or associated vector boson production may interfere with the back-
ground 4` production with the same initial and final states. The background 4` production
is considered to be any process that does not include a contribution from the H boson signal.
The on-shell Monte Carlo (MC) simulation does not require interference with the background
because of the relatively small H boson width [10]. The off-shell production leads to a broad
m4` spectrum and is generated using the full treatment of the interference between the signal
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and background for each production mechanism. Therefore, different techniques and tools
have been used for on-shell and off-shell simulation. The simulation of the H boson signal is
performed at the measured value of the H boson pole mass mH = 125.6 GeV in the 4` final
state [16], and the expected SM H boson width ΓSM

H = 4.15 MeV [30, 31] along with several
other ΓH reference values.

The two dominant H boson production mechanisms, gluon fusion and VBF, are generated on-
shell at next-to-leading order (NLO) in perturbative quantum chromodynamics (QCD) using
the POWHEG [32–34] event generator. The decay of the H boson via H → ZZ → 4`, including
interference effects of identical leptons in the final state and nonzero lifetime of the H boson,
is modeled with JHUGEN 4.8.1 [35–37]. In addition, gluon fusion production with up to two
jets at NLO in QCD has been generated using POWHEG with the HJJ program [38], where the
MINLO procedure [39] is used to resum all large logarithms associated with the presence of a
scale for merging the matrix element and the parton shower contributions. In all of the above
cases, simulations with a wide range of masses mH up to 1000 GeV [20] for H boson on-shell sig-
nal production at NLO in QCD have been used to calibrate the behavior of associated particles
in the simulation of off-shell H boson signal at leading order (LO) in QCD, which is described
below. The VH and ttH production mechanisms of the H boson, which have the smallest ex-
pected cross sections, and the subsequent H boson prompt decays are simulated on-shell using
PYTHIA 6.4.24 [40].

Four different values of the H boson lifetime have been generated with cτH = 0, 100, 500,
1000 µm for the gluon fusion production mechanism, and these samples are reweighted to
model the values of lifetime in between the generated values. The only difference between
gluon fusion and the other production mechanisms relevant for the constraint on the lifetime
is the H boson pT spectrum, so reweighting as a function of pT allows the modeling of the
different production mechanisms with nonzero H boson lifetime. Following the formalism in
Eq. (4) for spin-zero and including nonzero spin hypotheses, JHUGEN simulations for a variety
of H boson production (gluon fusion, VBF, VH, ttH, qq) and decay (H→ ZZ/Zγ∗/γ∗γ∗ → 4`)
modes have been generated with SM and BSM couplings to validate model independence of
the lifetime analysis. This simulation is detailed in Ref. [17].

The off-shell H boson signal and the interference effects with the background are included at
LO in QCD for gluon fusion, VBF, and VH mechanisms, while the ttH production is highly
suppressed at higher masses and is therefore not simulated off-shell [30, 31]. On-shell and
off-shell events from gluon fusion production are generated with the MCFM 6.7 [24, 41, 42]
and GG2VV 3.1.5 [43] MC generators while those for the VBF and associated production with
an electroweak boson V is generated with PHANTOM 1.2.3 [44]. The leptonic decay of the as-
sociated V boson is modeled with a reweighting procedure based on the branching ratios of
the V boson [45], and the relatively small contribution of HH production is removed from the
PHANTOM simulation. Pure signal, pure background, and several mixed samples with signal-
background interference have been produced for the analysis of the interference effects. The
modeling of the anomalous couplings from Eq. (4) in the off-shell H boson production is per-
formed by reweighting the SM-like samples. An extended MCFM library provided as part of the
Matrix Element Likelihood Approach (MELA) package, [35–37], allows for both reweighting
and event simulation with anomalous couplings in off-shell H production, and the analytical
reweighting for the fΛQ parameterization used in this analysis is identical to reweighting via
the MELA package.

Figure 1 illustrates the simulation of the gg → 4` process with the above technique, which
includes H boson off-shell production, its background, and their interference for the five signal
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models with the a1 (SM), a2, a3, Λ1, and ΛQ terms in Eq. (4). In all cases, the on-shell yield
and the width ΓH are constrained to the SM expectations, and large enhancements are seen in
the off-shell region. The four BSM models correspond to the effective fractions fai = 1 defined
in Ref. [17] or Eq. (5). When the on-shell contributions of the anomalous couplings are small,
cancellation effects in the off-shell region due to their interference with the a1 term or with the
background, as in the case of the ΛQ term, may suppress the off-shell yield for a given ΓH.
Among these four BSM models, the ΛQ term results in the largest off-shell enhancement, and
only the ΛQ and a1 terms, and their interference between each other and the background are
considered in the width analysis. Constraints on the a2, a3, and Λ1 terms have already been
measured from on-shell analyses [17, 18].
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Figure 1: The m4` distributions in the off-shell region in the simulation of the gg → 4` process
with the ΛQ ( fΛQ = 1), a3 ( fa3 = 1), a2 ( fa2 = 1), and Λ1 ( fΛ1 = 1) terms, as open histograms,
as well as the a1 term (SM), as the filled histogram, from Eq. (4) in decreasing order of en-
hancement at high m4`. The on-shell signal yield and the width ΓH are constrained to the SM
expectations. In all cases, the background and its interference with different signal hypotheses
are included except in the case of the pure background (dotted), which has greater off-shell
yield than the SM signal-background contribution due to destructive interference.

In the case of the off-shell MC simulation, the QCD renormalization and factorization scales are
set to the dynamic scales m4`/2 for gluon fusion and m4` for the VBF+VH signal productions
and their backgrounds. Higher-order QCD corrections for the gluon fusion signal process are
known to an accuracy of next-to-next-to-leading order (NNLO) and next-to-next-to-leading
logarithms for the total cross section [30, 31], and to NNLO as a function of m4` [46]. The m4`-
dependent correction factors to the LO cross section (K factors) are typically in the range of
2.0 to 2.7. Although no exact calculation exists beyond the LO for the gg → ZZ continuum
background, it has been recently shown [47] that the soft collinear approximation is able to
describe the background cross section and the interference term at NNLO. Further calculations
also show that the K factors are very similar at NLO for the signal and background [48] and
at NNLO for the signal and interference terms [49]. Therefore, the same K factor is used for
the signal and background [46]. Similarly, QCD and electroweak corrections are known to an
accuracy of NNLO for the VBF and VH signal contributions [30, 31, 50], but no calculation
exists beyond the LO for the corresponding background contributions. The same K factors as
in signal are also assumed for the background and interference contributions. Uncertainties
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due to the limited theoretical knowledge of the background K factor have a small impact on
the final results.

The background qq → ZZ process is simulated using POWHEG at NLO in QCD with no in-
terference with H boson signal production. The NLO electroweak calculations [51, 52] predict
negative, m4`-dependent corrections to this process for on-shell Z boson pairs and are taken
into account. In addition, a two-jet inclusive MADGRAPH 5.1.3.30 [53] simulation is used to
check jet categorization in the qq → ZZ process. PYTHIA is used to simulate parton shower-
ing and hadronization for all MC signal and background events. The generated MC events
are subsequently processed with the CMS full detector simulation, based on GEANT4 [54], and
reconstructed using the same algorithm used for the events in data.

The background from Z production with associated jets, denoted as Z+ X, comes from the pro-
duction of Z and WZ bosons in association with jets as well as from tt production with one or
two jets misidentified as an electron or a muon. The estimation of the Z + X background in the
four-lepton final state is obtained from data control regions without relying on simulation [16].

4 Event selection
The event reconstruction and selection requirements are the same as those in the previous mea-
surements of the H boson properties in the H→ 4` channel [10, 16, 17, 20]. Only small modifi-
cations are made to the lepton impact parameter requirements in the lifetime analysis to retain
potential signal with a displaced four-lepton vertex.

As in previous measurements [10, 16, 17, 20], events are triggered by requiring the presence of
two leptons (electrons or muons) with asymmetric requirements on their pT. A triple-electron
trigger is also used. Electron candidates are defined by a reconstructed charged-particle track
in the tracker pointing to an energy deposition in the ECAL. A muon candidate is identified as
a charged-particle track in the muon system that matches a track reconstructed in the tracker.
The electron energy is measured primarily from the ECAL cluster energy, while the muon mo-
mentum and the charged-lepton impact parameters near the interaction region are measured
primarily by the tracker. Electrons and muons are required to be isolated from other charged
and neutral particles [16]. Electrons (muons) are reconstructed for pT > 7 (5)GeV within the
geometrical acceptance |η| < 2.5 (2.4) [55, 56].

Events are selected with at least four identified and isolated electrons or muons to form the
four-lepton candidate. Two Z→ `+`− candidates originating from a pair of leptons of the same
flavor and opposite charge are required. The `+`− pair with an invariant mass, m1, nearest to
the nominal Z boson mass is denoted Z1 and is retained if it is in the range 40 < m1 < 120 GeV.
A second `+`− pair, denoted Z2, is required to have an invariant mass 12 < m2 < 120 GeV. If
more than one Z2 candidate satisfies all criteria, the pair of leptons with the highest scalar pT
sum is chosen. The lepton pT selection is tightened with respect to the trigger by requiring at
least one lepton to have pT > 20 GeV, another one to have pT > 10 GeV, and any oppositely
charged pair of leptons among the four selected to satisfy m`` > 4 GeV regardless of flavor.
A Z boson decay into a lepton pair can be accompanied by final state radiation where the
radiated photon is associated to the corresponding lepton to form the Z boson candidate as
Z→ `+`−γ [16].

The electrons and muons that comprise the four-lepton candidate are checked for consistency
with a reference vertex. In the width analysis, this comparison is done with respect to the
primary vertex of each event, defined as the one passing the standard vertex requirements [57]
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and having the largest ∑ p2
T of all associated charged tracks. The significance of the three-

dimensional impact parameter (SIP) of each lepton, calculated from the track parameters and
their uncertainties at the point of closest approach to this primary vertex, is required to be less
than 4 [16]. This requirement does not allow for a displaced vertex, so in order to constrain the
lifetime of the H boson, the reference of the comparison is switched to the vertex formed by the
two leptons from the Z1 candidate. The SIP of the two leptons from Z1 is required to be less than
4, and that of the remaining two leptons is required to be less than 5. An additional requirement
χ2

4`/dof < 6 for the four-lepton vertex is applied to further suppress the Z + X background.
Both analyses also require the presence of the reconstructed proton-proton collision vertex in
each event. The combination of these requirements allows for the detection of a displaced H
boson decay while keeping the selection efficiencies similar between the two criteria.

After selection, the prompt-decay backgrounds originate from the qq → ZZ/Zγ∗ → 4` and
gg → ZZ/Zγ∗ → 4` processes together with 4` production with associated fermions, such as
VBF and associated V production. These backgrounds are evaluated from simulation following
Refs. [10, 16]. The Z + X background may include displaced vertices due to b-quark jets and
is evaluated using the observed control samples as discussed in Ref. [16], which employs the
tight-to-loose lepton misidentification method. While the misidentification rates are consistent
between the two different vertex selection requirements, the overall number of selected Z + X
background events is about 15% higher when using the vertex requirements of the lifetime
measurement. The number of prompt-decay signal and background events is about 2% higher
with these lifetime measurement requirements.

In the width analysis, the presence of jets is used as an indication of VBF or associated produc-
tion with an electroweak boson decaying hadronically, such as WH or ZH. The CMS particle-
flow (PF) algorithm [58–61], which combines information from all subdetectors, is used to pro-
vide an event description in the form of reconstructed particle candidates. The PF candidates
are then used to build jets and lepton isolation quantities. Jets are reconstructed using the anti-
kT clustering algorithm [62] with a distance parameter of 0.5, as implemented in the FASTJET

package [63, 64]. Jet energy corrections are applied as a function of the jet pT and η [65]. An
offset correction based on the jet area method is applied to subtract the energy contribution not
associated with the high-pT scattering such as electronic noise and pileup, the latter of which
results primarily from other pp collisions in the same bunch crossing [65–67]. Jets are only
considered if they have pT > 30 GeV and |η| < 4.7, and if they are separated from the lepton
candidates and identified final-state radiation photons.

Within the tracker acceptance, the jets are reconstructed with the constraint that the charged
particles are compatible with the primary vertex. In addition, jets arising from the primary
interaction are separated using a multivariate discriminator from those reconstructed due to
energy deposits associated with pileup interactions, particularly those from neutral particles
not associated with the primary vertex of the event. The discrimination is based on the differ-
ences in the jet shapes, the relative multiplicity of charged and neutral components, and the
fraction of pT carried by the hardest components [68]. In the width analysis, the events are split
into two categories: those with two or more selected jets (dijet category) and the remaining
events (nondijet category). When more than two jets are selected, the two jets with the highest
pT are chosen for further analysis.

The systematic uncertainties in the event selection are generally the same as those investigated
in Refs. [10, 16, 17, 20]. Among the yield uncertainties, experimental systematic uncertainties
are evaluated from data for the lepton trigger efficiency and the combination of object recon-
struction, identification, and isolation efficiencies. Signal and background uncertainties after
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the lifetime analysis selection are found to be consistent with the width analysis selection. Most
of the signal normalization uncertainties are statistical in nature because the signal strength is
left unconstrained and because the systematic uncertainties affect only the relative efficiency
of 4e, 4µ, and 2e2µ reconstruction. The overall predicted signal cross section is therefore not
directly used in the analysis while the theoretical uncertainties in the 4` background remain
unchanged compared to Refs. [10, 16]. The Z + X yield uncertainties are estimated to be 20%,
40%, and 25% for the 4e, 4µ, and 2e2µ decay channels, respectively, and also remain unchanged
compared to Ref. [16].

5 Observables
Several observables, such as the four-lepton invariant mass, m4`, or the measured lifetime of
each H boson candidate, ∆t, are used either as input to likelihood fits or to categorize events
in this paper. The full list of observables in each category is shown in Table 1, and they are
discussed in detail below. The full kinematic information from each event is extracted using
the MELA kinematic discriminants, which make use of the correlation between either the two
jets and the H boson to identify the production mechanism, or the H → 4` decay products
to identify the decay kinematics. These discriminants use either five, in the case of produc-
tion, or seven, in the case of decay, mass and angular input observables ~Ω [35, 37] to describe
kinematics at LO in QCD. The pT of either the combined H boson and 2 jets system for the
production discriminant (Djet) [20] or the H boson itself for the decay discriminants (D kin) [2]
is not included in the input observables in order to reduce associated uncertainties.

Table 1: List of observables, ~x, and categories of events used in the analyses of the H boson
lifetime and width. The Djet < 0.5 requirement is defined for Njet ≥ 2, but by convention this
category also includes events with less than two selected jets, Njet < 2.

Category Mass region Criterion Observables ~x
Lifetime 105.6 < m4` < 140.6 GeV Any ∆t Dbkg

Width, on-shell dijet 105.6 < m4` < 140.6 GeV Njet ≥ 2 m4` Dkin
bkg Djet

Width, on-shell nondijet 105.6 < m4` < 140.6 GeV Njet < 2 m4` Dkin
bkg pT

Width, off-shell dijet 220 < m4` < 1600 GeV Djet ≥ 0.5 m4` Dgg
Width, off-shell nondijet 220 < m4` < 1600 GeV Djet < 0.5 m4` Dgg

The discriminant sensitive to the VBF signal topology is calculated as

Djet =

[
1 +
PHJJ(~ΩH+JJ, m4`)

PVBF(~ΩH+JJ, m4`)

]−1

, (6)

where PVMF and PHJJ are probabilities obtained from the JHUGEN matrix elements for the
VBF process and gluon fusion in association with two jets (H + 2jets) within the MELA frame-
work [20]. This discriminant is equally efficient in separating VBF from either gg → H + 2jets
signal or gg or qq → 4`+ 2jets background because jet correlations in these processes are dis-
tinct from the VBF process.

In the on-shell region, theDjet discriminant is one of the width analysis observables used in the
dijet category. The Djet distribution shown in Fig. 2 (left) is used to distinguish gluon fusion,
VBF, and VH production mechanisms in this category. The pT of the 4`-system is used to dis-
tinguish the production mechanism of the remaining on-shell events in the nondijet category.
In the off-shell region, the requirement Djet ≥ 0.5 is applied instead, keeping nearly half of
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the VBF events and less than 4% of all other processes, with only a small dependence on m4`.
Events that fail this requirement enter the nondijet category in the off-shell region. The differ-
ent treatment of Djet between the on-shell and off-shell regions keeps the observables the same
as in the previous width analysis [10].

Uncertainties in modeling the jet distributions affect the separation of events between the two
dijet categories but do not affect the combined yield of either signal or background events.
For the on-shell dijet category, a 30% normalization uncertainty is taken into account for the
gg → H + 2jets signal cross section while the uncertainty in the selection of two or more jets
from VBF production is 10%. The Djet distribution uncertainties other than those for Z + X
are estimated by comparing alternative MC generators and tunings, where smaller effects from
uncertainties due to jet energy scale and resolution are also included.

jetD
0 0.2 0.4 0.6 0.8 1

E
ve

nt
s 

/ 0
.0

4

0

2

4

6

Observed
HtggH+t

VBF+VH
4  bkg.l→gg
4  bkg.l→qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

 (GeV)4 lm
110 120 130 140

E
ve

nt
s 

/ 2
 G

eV

0

5

10

Observed
HtggH+t

VBF+VH
4  bkg.l→gg
4  bkg.l→qq

Z+X

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

Figure 2: Distributions of the four-lepton invariant mass Djet (left) and m4` (right) in the on-
shell region of the H boson width analysis. The Djet distributions show events in the dijet
category with a requirement 120 < m4` < 130 GeV. The m4` distributions combine the nondijet
and dijet categories, the former with an additional requirement Dkin

bkg > 0.5 to suppress the
dominant qq → 4` background. The points with error bars represent the observed data, and
the histograms represent the expected contributions from the SM backgrounds and the H boson
signal. The contribution from the VBF and VH production is shown separately.

In the off-shell region, the uncertainties in the Djet distribution imply uncertainties in the cat-
egorization requirement Djet > 0.5. To determine the uncertainty in the dijet selection, NLO
QCD simulation with POWHEG is compared to the two LO generators PHANTOM and JHUGEN

for the VBF production, all with parton showering simulated with PYTHIA. For this compar-
ison, VH production is omitted from the PHANTOM simulation since no events in association
with electroweak boson production pass the Djet ≥ 0.5 requirement. The efficiency of cate-
gorization for VBF-like events is stable within 5%, and the main difference comes from the
uncertainty in the additional jet radiation after the hadronization of simulated events at LO or
NLO in QCD using PYTHIA. A similar comparison of the signal production in gluon fusion
is performed between the POWHEG simulations at NLO in QCD with and without the MINLO

procedure for multijet simulation, and two LO generators MCFM and GG2VV. With proper
matching of the hadronization scale for the LO generators in PYTHIA [69], a good agreement
within 15% is found between all generators, with absolute dijet categorization efficiency of ap-
proximately 3%. The m4` dependence of the categorization efficiency is found to be similar
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between the different generators.
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Figure 3: Distributions of the four-lepton invariant mass m4` in the on-shell (left) and off-shell
(right) regions of the H boson width analysis for all observed and expected events. The points
with error bars represent the observed data in both on-shell and off-shell region distributions.
The histograms for the on-shell region represent the expected contributions from the SM back-
grounds and the H boson signal with the contribution from the VBF and VH production shown
separately. The filled histograms for the off-shell region represent the expected contributions
from the SM backgrounds and H boson signal, combining gluon fusion, VBF, and VH pro-
cesses. Alternative H boson width and coupling scenarios are shown as open histograms with
the assumption φΛQ = 0 unless specified otherwise, and the overflow bin includes events up
to m4` = 1600 GeV.

With the above uncertainties, the contributions of the signal, background, and their interference
in the off-shell region for each category are obtained with the PHANTOM generator for the
VBF and associated electroweak boson production, and with the MCFM generator for the gluon
fusion production. The dijet categorization efficiency as a function of m4` is reweighted to the
POWHEG + MINLO prediction for gluon fusion signal contribution, and the same reweighting
is used in the background and interference contributions. For the qq → ZZ background, the
comparison of the NLO QCD simulation with POWHEG with the two-jet inclusive MADGRAPH

simulation leads to a 25% uncertainty in the dijet categorization. Both dijet categorization and
its uncertainty have negligible m4` dependence, and the dijet categorization efficiency is around
0.6%. An uncertainty of 100% is assigned to the categorization of Z+X events, primarily due to
statistical limitations in the data-driven estimate. This uncertainty has a negligible contribution
to the results since the contribution of Z + X is small in the total off-shell expected yield and
negligible in the dijet category.

The discriminant sensitive to the gg→ 4` kinematics is calculated as

Dkin =

1 +
αPqq

bkg(
~ΩH→4`, m4`)

Pgg
sig(

~ΩH→4`, m4`) +
√

βPgg
int(

~ΩH→4`, m4`) + βPgg
bkg(

~ΩH→4`, m4`)

−1

, (7)

where the denominator contains the sum of the probability contributions from the signal
(Pgg

sig), the background (Pgg
bkg), and their interference (Pgg

int) to the total gg → 4` process, and
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the numerator includes the probability for the qq → 4` background process, all calculated
either with the JHUGEN or MCFM matrix elements within the MELA framework [10, 16, 17].
The two coefficients α and β are tuned differently in the on-shell and off-shell width analysis
samples. Signal-background interference effects are negligible in the on-shell region, so the
kinematic discriminant is tuned to isolate signal from the dominant background process with
Dkin

bkg = Dkin(α = 1, β = 0) [2, 36]. In the off-shell region, the discriminant is tuned to isolate the
full gluon fusion process, including the interference term, for the ratio ΓSM

H /ΓH ∼ α = β = 0.1
close to the expected sensitivity of the analysis. The discriminant is therefore labeled as Dgg =

Dkin(α = β = 0.1) [10].
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Figure 4: Distribution of the four-lepton invariant mass m4` in the off-shell region in the nondi-
jet (left) and dijet (right) categories. A requirement Dgg > 2/3 is applied in the nondijet cat-
egory to suppress the dominant qq → 4` background. The points with error bars represent
the observed data, and the filled histograms represent the expected contributions from the SM
backgrounds and H boson signal, combining gluon fusion, VBF, and VH processes. Alterna-
tive H boson width and coupling scenarios are shown as open histograms. The overflow bins
include events up to m4` = 1600 GeV, and φΛQ = 0 is assumed where it is unspecified.

Apart from the above kinematic discriminants and pT, the width analysis employs the four-
lepton invariant mass m4` as the main observable, which provides signal and background sep-
aration in the on-shell region and which is sensitive to the ΓH values and anomalous couplings
in the off-shell region. The m4` distributions are illustrated in Fig. 3 for the on-shell and off-
shell regions without any kinematic requirements, Fig. 2 (right) for the on-shell region with the
requirementDkin

bkg > 0.5, and Fig. 4 for the two event categories in the off-shell region, with the
requirement Dgg > 2/3 on the nondijet category. The requirements on the kinematic discrimi-
nants Dkin

bkg or Dgg suppress the relative contribution of background in the illustration of event

distributions. In the lifetime analysis, the m4` and Dkin
bkg observables are combined into one,

called Dbkg [14, 17, 37], in order to reduce the number of observables. It is constructed by mul-
tiplying the matrix element probability ratio in Eq. (7) by the ratio of probabilities for m4` from
the nonresonant qq→ 4` process and the resonant production gg→ H→ 4` for the measured
mH = 125.6 GeV. The Dbkg distribution in the lifetime analysis is shown in Fig. 5. To account
for the lepton momentum scale and resolution uncertainty in the m4` or Dbkg distributions,
alternative signal distributions are taken from the variations of both of these contributions.
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Figure 5: Distributions of Dbkg (left) and c∆t (right) in the lifetime analysis with Dbkg > 0.5
required for the latter to suppress the background. The points with error bars represent the
observed data, and the filled histograms stacked on top of each other represent the expected
contributions from the SM backgrounds. Stacked on the total background contribution, the
open histograms show the combination of all production mechanisms expected in the SM for
the H boson signal with either the SM lifetime or cτH = 100 µm. Each signal contribution in
the different open histograms are the same as the total number of events expected from the
combination of all production mechanisms in the SM. All signal distributions are shown with
the total number of events expected in the SM. The first and last bins of the c∆t distributions
include all events beyond |c∆t| > 500 µm.

The lifetime analysis makes use of the observable ∆t calculated following Eq. (1). The reference
point for H boson production vertex is taken to be the beam spot, which is the pp collision
point determined by fitting charged-particle tracks from events in multiple collisions, and the
value of ∆~rT is calculated as the displacement from the beam spot to the 4` vertex in the plane
transverse to the beam axis. An alternative calculation of ∆t has also been considered using the
primary vertex of each event instead of the beam spot, but the different associated particles in
the H boson production and their multiplicity would introduce additional model dependence
in the primary vertex resolution.

The ∆t value is nonnegative and follows the exponential decay distribution if it is known per-
fectly for each event. However, resolution effects arising mostly from limited precision of the
∆~rT measurement allow negative ∆t values. This feature allows for an effective self-calibration
of the resolution from the data. Symmetric broadening of the ∆t distribution indicates reso-
lution effects while positive skew indicates sizable signal lifetime. Figure 5 displays the ∆t
distributions. The resolution in ∆t also depends on the pT spectrum of the produced H boson,
which differs among the production mechanisms, and this dependence is accounted for in the
fit procedure as described in detail in Section 6. The distributions of ∆t and pT are shown in
Figs. 5 and 6, respectively. Since the discriminant Dbkg is optimal for signal separation in the
on-shell region, a requirement Dbkg > 0.5 is applied to reduce the background when showing
these distributions.

Uncertainties in the ∆t distribution for the signal and the prompt background are obtained
from a comparison of the expected and observed distributions in the m4` sidebands, 70 <
m4` < 105.6 GeV and 170 < m4` < 800 GeV. These uncertainties obtained from this comparison
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Figure 6: Distributions of the four-lepton pT with the selection used in the lifetime analysis
and the requirement Dbkg > 0.5 to suppress the backgrounds. The points with error bars
represent the observed data, and the filled histograms stacked on top of each other represent
the expected contributions from the SM backgrounds. Stacked on the total background con-
tribution, the open histograms show the H boson signal either with the combination of all
production mechanisms expected in the SM, or for the VBF or ttH production mechanisms.
Each signal contribution in the different open histograms is normalized to the total number of
events expected from the combination of all production mechanisms in the SM. The overflow
bin includes all events beyond pT > 200 GeV.

correspond to varying the ∆t resolution by +17/−15%, +14/−12%, and +20/−17% for the 4e,
4µ, and 2e2µ final states, respectively. The Z+ X parameterization is obtained from the control
region in the analysis mass range 105.6 < m4` < 140.6 GeV, and its alternative parameteriza-
tion obtained from the control region events in the mass range 140.6 < m4` < 170 GeV reflects
the uncertainties in the data-driven estimate. A cross-check of the ∆t distributions is also per-
formed with the 3` control samples enriched in WZ prompt decay, and the distributions are
found to be consistent with simulation.

6 Constraints on the lifetime
The H boson lifetime analysis is based on two observables~x = (∆t,Dbkg), which allow the mea-
surement of the average signal lifetime τH and the discrimination of the H boson signal from
background using a simultaneous likelihood fit. The extended likelihood function is defined
for Nev candidate events as

L = exp

(
−nsig −∑

k
n(k)

bkg

)
Nev

∏
i

(
nsig Psig(~xi;~ξ) + ∑

k
n(k)

bkg P
(k)
bkg(~xi;~ζ)

)
, (8)

where nsig is the number of signal events and nk
bkg is the number of background events of

type k (gg → 4`, qq → 4`, Z + X). The probability density functions Psig for signal, and
P k

bkg for each background process k are described as histograms (templates). The likelihood
parameterization is constructed independently in each of the 4e, 4µ, or 2e2µ final states, and
for 7 and 8 TeV pp collision energy. The parameters ~ξ for the signal and ~ζ for the background
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processes include parameterization uncertainties, and ~ξ also includes τH as the parameter of
interest. The likelihood in Eq. (8) is maximized with respect to the parameters nsig, nk

bkg, ~ξ

and ~ζ, which constitute the nuisance parameters and the parameter of interest. The nuisance
parameters are either constrained within the associated uncertainties or left unconstrained in
the fit.

The kinematics of the four-lepton decay, affecting Dbkg, and the four-lepton vertex position
and resolution, affecting ∆t, are found to be independent. Therefore, the two-dimensional
probability distributions of P(∆t,Dbkg) are constructed as the product of two one-dimensional
distributions. In the case of the signal probability, the ∆t templates are conditional on the
parameter of interest τH. The signal ∆t parameterization is obtained for the range 0 ≤ cτH ≤
1000 µm by reweighting the simulation available for the gluon fusion process at cτH = 0, 100,
500, and 1000 µm to cτH values in steps of 10 µm and interpolating linearly for any intermediate
value.

The ∆t parameterization for all SM H boson production mechanisms (gluon fusion, VBF, WH,
ZH, and ttH) is obtained by reweighting gluon fusion production events as a function of pT
at each of the τH values. This procedure reproduces ∆t resolution effects predicted from the
simulation for prompt signal (i.e. τH = 0) and is therefore valid for nonzero lifetime. As shown
in Fig. 6, the gluon fusion production mechanism has the softest pT spectrum while ttH pro-
duction yields the hardest pT, and the distribution of ∆t is thus wider in gluon fusion and
narrower in ttH production, with other production mechanisms in between. Gluon fusion pro-
duction and ttH distributions, with their respective yields scaled to the total SM production
cross section, are therefore taken as the two extreme variations while the nominal ∆t distribu-
tion is parameterized with the SM combination of the different production mechanisms. The
∆t distribution used in the likelihood is varied from the nominal prediction between these two
extremes with a continuous production parameter included in ~ξ in Eq. (8). Any other produc-
tion mechanism or a mixture can be described with this parameterization, and the values of the
production parameter corresponding to the pT spectrum of either pure VBF, WH, ZH, or ttH
mechanisms are excluded at more than 95% CL from a fit to data. This information is consistent
with the observed pT spectrum in Fig. 6.

While the ∆t and Dbkg parameterizations are obtained for the SM couplings in the H→ ZZ→
4` decay, and for pT spectra as in SM-like production mechanisms (gluon fusion, VBF, WH, ZH,
and ttH), the analysis has little dependence on anomalous couplings in either the production or
the decay of the H boson. It has already been established [17] that the kinematics of the H→ 4`
decay are consistent with the kinematics of the SM H boson decay and inconsistent with a wide
range of exotic models. The ∆t and Dbkg distributions have little variation within the allowed
range of exotic couplings in the H → 4` decay. The expected τH constraint remains stable
within 10% when the simulation for those exotic models is tested instead of the simulation with
SM couplings. Anomalous couplings in production are found to have a substantial effect on the
pT spectrum, typically making the spectrum harder in the VBF, WH, ZH, and ttH production
mechanisms. Extreme variations in the pT spectrum, however, are already excluded by the
data, and pT variations allowed by the data are reflected in the ∆t parameterization with the
parameter describing the production mechanisms.

Figure 7 shows the likelihood distribution as a function of cτH. The allowed 68% and 95% CL
intervals are defined using the respective profile likelihood function values −2 ln(L/Lmax) =
1.00 and 3.84 for which exact coverage is expected in the asymptotic limit [70]. The approximate
coverage has been tested with the generated samples at different cτH values, and the quoted
results have been found to be conservative. The observed (expected) average lifetime is cτH =
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2+25
−2 (0+24

−0 ) µm (τH = 10+80
−10 fs for the observation and τH = 0+80

−0 fs for the expectation), and the
allowed region at the 95% CL is cτH < 57 (56) µm (τH < 190 fs for both the observation and
the expectation). The observed number of signal events remains consistent with Ref. [16]. The
observed (expected) upper limit on the average lifetime at 95% CL corresponds through Eq. (2)
to the lower limit on the H boson width ΓH > 3.5× 10−9 MeV (ΓH > 3.6× 10−9 MeV) regardless
of the value of fΛQ.

7 Constraints on the width
The H boson width ΓH and the effective fraction fΛQ for the ΛQ anomalous coupling are mea-
sured in an unbinned maximum likelihood fit of a signal-plus-background model following
Eq. (8). In addition to the event categories already defined in the lifetime analysis for the fi-
nal states and pp collision energy, events are also split into dijet and nondijet categories, and
into on-shell and off-shell regions. In the on-shell region, a three-dimensional distribution of
~x = (m4`,Dkin

bkg, pT or Djet) is analyzed, following the methodology described in Ref. [16]. In
the off-shell region, a two-dimensional distribution ~x = (m4`,Dgg) is analyzed following the
methodology described in Ref. [10] with the events split into the two dijet categories defined in
Table 1.

The probability distribution functions are built using the full detector simulation or data control
regions and are defined for both the signal (Psig) and the background (Pbkg) contributions as
well as their interference (Pint), as a function of the observables ~x discussed above. Several
production mechanisms such as gluon fusion (gg), VBF, WH and ZH (VH) are considered for
the signal. The total probability distribution function for the off-shell region is written as

Poff-shell
tot (~x; ΓH, fΛQ) =

[
µggH

ΓH

Γ0
P gg

sig(~x; fΛQ) +

√
µggH

ΓH

Γ0
P gg

int(~x; fΛQ) + P
gg
bkg(~x)

]

+

[
µVVH

ΓH

Γ0
PVV

sig (~x; fΛQ) +

√
µVVH

ΓH

Γ0
PVV

int (~x; fΛQ) + PVV
bkg(~x)

]
+ Pqq

bkg(~x) + P
ZX
bkg(~x), (9)

where Γ0 is a reference value used in simulation and VV stands for a combination of VBF and
associated electroweak boson production taken together. Under the assumption φΛQ = 0 or π,
any contribution to the HVV scattering amplitude in Eq. (4) from the a1 term is proportional to√

1− fΛQ while that from the ΛQ term is proportional to
√

fΛQ cos (φΛQ). The dependence on
fΛQ in Eq. (9) can thus be parameterized with the factor(√

1− fΛQ −
√

fΛQ cos (φΛQ)
m2

4`

m2
H

)N

, (10)

where the power N depends on the power of the HVV couplings. The couplings appear twice
in the VBF and VH cases, in both production and decay, so the power of the factor is twice as
large. Thus, for gluon fusion, N = 1 for the interference component (P gg

int) and N = 2 for the
signal (P gg

sig); for VMF and VH, N = 2 (PVV
int ) and 4 (PVV

sig ), respectively. Both HZZ and HWW
couplings contribute to the VBF and VH production couplings, and this analysis assumes the
same ΛQ would contribute to the HZZ and HWW couplings in Eq. (4). The effective fraction
fΛQ is therefore the same for the HZZ and HWW amplitudes.
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In the on-shell region, the parameterization includes the small contribution of the ttH pro-
duction mechanism, which is related to the gluon fusion production. The total probability
distribution function for the on-shell region is

Pon-shell
tot (~x) = µggH P

gg+ttH
sig (~x) + µVVH PVV

sig (~x) + P
qq
bkg(~x) + P

gg
bkg(~x) + P

ZX
bkg(~x). (11)

The normalization of the signal and background distributions is incorporated in the probability
functions P in Eqs. (9) and (11), but the overall signal yield is left unconstrained with the
independent signal strength parameters µggH and µVVH, corresponding to the H production
mechanisms through coupling to either fermions or weak vector bosons, respectively. The
observed µggH and µVVH values are found to be consistent with those obtained in Refs. [10, 16].

The allowed 68% and 95% CL intervals are defined using the profile likelihood function val-
ues −2 ln(L/Lmax) = 2.30 and 5.99 respectively for the two-parameter constraints presented,
and −2 ln(L/Lmax) = 1.00 and 3.84 respectively for the one-parameter constraints. Exact cov-
erage is expected in the asymptotic limit [70], and the approximate coverage has been tested
at several different parameter values with the quoted results having been found to be con-
servative. The observed distribution of the likelihood as a two-parameter function of ΓH and
fΛQ cos φΛQ, with φΛQ = 0 or π, is shown in Fig. 8. Also shown is the one-parameter, condi-
tional likelihood scan of fΛQ cos φΛQ for a given ΓH, where the −2 ln(L/Lmax) distribution is
shown for Lmax adjusted according to the most likely value of fΛQ cos φΛQ at the given value
of ΓH. The observed and expected likelihood distributions as a function of ΓH are shown
in Fig. 9, where fΛQ is either constrained to zero or left unconstrained. The observed (ex-
pected) central values with 68% CL uncertainties are ΓH = 2+9

−2 (4+17
−4 )MeV with fΛQ = 0, and

ΓH = 2+15
−2 (4+30

−4 )MeV with fΛQ unconstrained and φΛQ = 0 or π. The observed (expected)
constraints at 95% CL are ΓH < 26 (41)MeV with fΛQ = 0, and ΓH < 46 (73)MeV with fΛQ
unconstrained and φΛQ = 0 or π. These observed (expected) upper limits on the H boson
width at 95% CL correspond through Eq. (2) to the lower limits on the H boson average life-
time τH > 2.5× 10−8 (1.6× 10−8) fs with fΛQ = 0 and τH > 1.4× 10−8 (9× 10−9) fs with fΛQ
unconstrained and φΛQ = 0 or π.

The result with the constraint fΛQ = 0 is consistent with the earlier one from the H→ ZZ→ 4`
channel [10]. It can be reinterpreted as an off-shell signal strength with the change of param-
eters µoff-shell

vvH = µvvH ΓH/ΓSM
H , provided the signal strength µvvH for the on-shell region is un-

correlated with the signal strength µoff-shell
vvH for the off-shell region in the likelihood scan. The

observed (expected) central values and the 68% CL uncertainties of ΓH with the fΛQ = 0 con-
straint correspond to µoff-shell

ggH = 0.5+2.2
−0.5 (1.0+5.1

−1.0) and µoff-shell
VVH = 0.4+10.5

−0.4 (1.0+20.6
−1.0 ), and the ob-

served (expected) constraints at 95% CL become µoff-shell
ggH < 6.2 (9.3) and µoff-shell

VVH < 31.3 (44.4).
There is no constraint on the ratio µoff-shell

VVH /µoff-shell
ggH at 68% CL. The ΓH limits with fΛQ un-

constrained are weaker because a small non-zero value fΛQ ∼ 2× 10−4 leads to destructive
interference between the a1 and ΛQ terms in Eq. (4) when φΛQ = 0. This interference reduces
the expected signal yield at these parameter values, thereby reducing the exclusion power for
ΓH > ΓSM

H . This effect is also illustrated in Fig. 4.

No constraint on fΛQ can be obtained in the limit ΓH → 0 because, as displayed in Fig. 8,
the number of expected off-shell events vanishes. The constraints on fΛQ cos φΛQ given par-
ticular ΓH values become tighter for increasing ΓH. The limits on fΛQ cos φΛQ with the as-
sumption ΓH = ΓSM

H are presented in Fig. 9. The observed (expected) value is fΛQ cos φΛQ =

0+1.0
−0.4 (0

+1.1
−0.4) × 10−3, and the allowed region at 95% CL is [−2.4, 3.8] × 10−3 ([−3.6, 4.4] ×

10−3).
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8 Conclusions
Constraints on the lifetime and the width of the H boson are obtained from H → ZZ → 4`
events using the data recorded by the CMS experiment during the LHC run 1. The mea-
surement of the H boson lifetime is derived from its flight distance in the CMS detector with
the upper bound τH < 190 fs at the 95% CL, corresponding to a lower bound on the width
ΓH > 3.5× 10−9 MeV. The measurement of the width is obtained from an off-shell produc-
tion technique, generalized to include additional anomalous couplings of the H boson to two
electroweak bosons. This measurement provides a joint constraint on the H boson width and
a parameter that quantifies an anomalous coupling contribution through an on-shell cross-
section fraction fΛQ. The observed limit on the H boson width is ΓH < 46 MeV at the 95% CL
with fΛQ left unconstrained while it is ΓH < 26 MeV at the 95% CL for fΛQ = 0. The con-
straint fΛQ < 3.8× 10−3 at the 95% CL is obtained assuming the H boson width expected in
the SM, and the fΛQ constraints given any other width value are also presented. Table 2 sum-
marizes the width and corresponding lifetime limits, and Table 3 summarizes the limits on fΛQ
under the different φΛQ scenarios that can be interpreted from this analysis, and provides the
corresponding limits on

√
a1 ΛQ.

Table 2: Observed and expected allowed intervals at the 95% CL on the H boson average life-
time τH and width ΓH obtained combining the width and lifetime analyses. The constraints are
separated into the two conditions used in the width measurement, with either the constraint
fΛQ = 0, or fΛQ left unconstrained and φΛQ = 0 or π. The upper (lower) limits on H boson
average lifetime τH are related to the lower (upper) limits on H boson width ΓH through Eq. (2).

Parameter
fΛQ = 0 fΛQ unconstrained, φΛQ = 0 or π

Observed Expected Observed Expected
τH (fs) [2.5× 10−8, 190] [1.6× 10−8, 190] [1.4× 10−8, 190] [9× 10−9, 190]

ΓH (MeV) [3.5× 10−9, 26] [3.6× 10−9, 41] [3.5× 10−9, 46] [3.6× 10−9, 73]

Table 3: Observed and expected allowed intervals at the 95% CL on the fΛQ on-shell effective
cross-section fraction and its interpretation in terms of the anomalous coupling parameter ΛQ
assuming ΓH = ΓSM

H . Results are presented assuming either φΛQ = 0 or φΛQ = π. The allowed
intervals on fΛQ are also translated to the equivalent quantity

√
a1 ΛQ through Eq. (5), where

the coefficient a1 is allowed to be different from its SM value a1 = 2.

Parameter
φΛQ = 0 φΛQ = π

Observed Expected Observed Expected
fΛQ <3.8× 10−3 <4.4× 10−3 <2.4× 10−3 <3.6× 10−3

√
a1 ΛQ (GeV) >500 >490 >570 >510
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Figure 8: Observed distribution of −2 ln(L/Lmax) as a function of ΓH and fΛQ cos φΛQ with
the assumption φΛQ = 0 or π (top panel). The bottom panel shows the observed conditional
likelihood scan as a function of fΛQ cos φΛQ for a given ΓH. The likelihood contours are shown
for the two-parameter 68% and 95% CLs (top) and for the one-parameter 68% and 95% CLs
(bottom). The black curve with white dots on the bottom panel shows the fΛQ cos φΛQ minima
at each ΓH value.



20 8 Conclusions

 (MeV)HΓ
0 20 40 60 80 100 120

 ln
L

∆
-2

 

0

5

10

15

20

) unconstrained
QΛ

φcos(
QΛ

Observed, f

) unconstrained
QΛ

φcos(
QΛ

Expected, f

=0
QΛ

Observed, f

=0
QΛ

Expected, f

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

68% CL

95% CL

)QΛφ cos(QΛf
-0.01 -0.005 0 0.005 0.01

 ln
L

∆
-2

 

5

10

15
H
SMΓ=HΓObserved, 

H
SMΓ=HΓExpected, 

CMS  (7 TeV)-1 (8 TeV) + 5.1 fb-119.7 fb

68% CL

95% CL

Figure 9: Observed (solid) and expected (dashed) distributions of −2 ln(L/Lmax) as a function
of ΓH (top) and fΛQ cos φΛQ (bottom). On the top panel, the fΛQ value is either constrained to
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A.P.R. Gay, A. Grebenyuk, T. Lenzi, A. Léonard, T. Maerschalk, A. Marinov, L. Perniè,
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27: Also at Università degli Studi di Siena, Siena, Italy
28: Also at Purdue University, West Lafayette, USA
29: Also at International Islamic University of Malaysia, Kuala Lumpur, Malaysia
30: Also at Malaysian Nuclear Agency, MOSTI, Kajang, Malaysia
31: Also at Consejo Nacional de Ciencia y Tecnologı́a, Mexico city, Mexico
32: Also at Institute for Nuclear Research, Moscow, Russia
33: Also at St. Petersburg State Polytechnical University, St. Petersburg, Russia
34: Also at National Research Nuclear University ’Moscow Engineering Physics
Institute’ (MEPhI), Moscow, Russia
35: Also at California Institute of Technology, Pasadena, USA
36: Also at Faculty of Physics, University of Belgrade, Belgrade, Serbia
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